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TPF-I Technology Milestone #1 White Paper:
Amplitude and Phase Control Demonstration

1. Objective

In support of the Terrestrial Planet Finder Interfeeter (TPF-I) pre-phase-A
development program, this white paper explains pbepose of TPF-I Technology
Milestone #1, specifies the methodology for commutithe milestone metric, and
establishes the success criteria against whicmttec will be evaluated.

2. Introduction: Adaptive Nuller

Full spectral, quasi-static control of intensitycaphase of interfering beams for deep,
broadband nulls.

This technology milestone was established in the-TPechnology Plan (JPL Pub. 05-5,
June 2005) to gauge the developmental progresseofPF-1 project and its readiness to
proceed from pre-Phase A to Phase A. Completidhisfmilestone is to be documented
by the project, reviewed by the EIRB, and approtagdNASA HQ. The Adaptive
Nuller milestone described here addresses amplaadeghase control. It is discussed in
the Technology Plan and reads as follows.

Milestone #1: Dispersion Control

Using the Adaptive Nullerdemonstrate that optical beam amplitude can be
controlled with a precision of 0.2% rms and phase with a precisiorcdd nm
rms over a spectral bandwidth of 381 in the mid IR for two polarizations. This
demonstrates the approach for compensating focalptnperfections that create
instrument noise that can mask planet signigestone TRL 4.

The variations in amplitude and phase that may resgmt across a broad wavelength
band make nulling extremely challenging. The AdeapiNuller is designed to correct
these variations, matching the intensity and phbstveen the two arms of the
interferometer, as a function of wavelength, focredinear polarization. The flight
requirements and testbed goals are summarizedhle Ta The Adaptive Nuller allows
high performance nulling interferometry, while e tsame time substantially relaxing the
requirements on the nulling interferometer’s opta@amponents.

All designs under consideration for TFP-I includesiagle-mode spatial filter through
which the combined light is passed before beingaet. The wavefront from the star is
incident on the collecting apertures of the insteatmand delivered by the respective



beam trains to a central beam combiner that couplessombined light into a single-
mode filter. With just a single mode for each pialation state, the problem of nulling
the on-axis light is simplified. Higher order wéwmnt aberrations that would reduce the
visibility of the fringes (depth of the null) arejected by the spatial filter. Small errors in
tilt in each arm of the interferometer thus tratesiato small errors in received intensity.
The adaptive nuller is not designed to adjust waweferrors across each pupil, as these
are rejected independently by the spatial filtehe Tadaptive nuller technology
demonstration only addresses wavelength and pataiz dependent amplitude and
phase errors. For further information about thd-mfrared spatial filters to be used with
TPF-I1, the interested reader is referred to Ksenéz@l (2006).

Table 1. Comparison of Current Flight Requirementswith Pre-Phase A Nulling Testbed
Requirements

Parameter Flight Achromatic Planet Detection  Adaptive
Performance Nuller Testbed Nuller

Null depth 7.5 x 10 1x10° 1x10° 1x10°

Amplitude control  0.13% Derived 0.12% 0.2% (static)

Phase control 1.5nm Derived 2nm 5 nm (static)

Stability timescale 50,000 s + 100 s 5,000 s 6 h

Bandwidth 7-17um 25% A =10.6um 30 %

The adaptive nuller uses a deformable mirror toustdjamplitude and phase

independently within the single mode filter in eawhabout 12 spectral channels. A
schematic of the adaptive nuller is shown in Figag it would be used to adjust the
intensity and phase of one beam in a two-beam mulléhe incident beam is first split

into its two linear polarization components, andoallivided into roughly a dozen

spectral channels. These beams are then direatedaodeformable mirror, where the
piston of each pixel independently adjusts the @hat each channel. Tilt in the

orthogonal direction may also be independently stdp, and, by means of controlled
vignetting at a subsequent aperture, provides dependent adjustment of the intensity
in each channel. The various component beams aoentgned to yield an output beam
that has been carefully tuned for intensity andspha each polarization as a function of
wavelength. If the adaptive nuller is used to bheda beams entering a nulling

interferometer, matching tolerances on optical comemts in that interferometer are
substantially relaxed. Ultimate null depth andb8ity are now determined by the

performance of the adaptive nuller, under activetrmd that can be monitored (see
Sections 3.1.6 and 3.1.8c) and readily charactriaad optical components need only
be of sufficient quality that the two arms of timterferometer are matched in intensity
and phase to within the capture range of the Adaptiuller.
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Figure 1. Schematic of the Adaptive Nuller. Light in onemaof a nulling
interferometer is balanced by splitting it into qoanent polarizations and wavelength
channels, then individually adjusting the phasegach channel with a deformable
mirror prior to recombining both polarizations. rther details of the design are
described by Peteet al (2006).

The principal investigator of the Adaptive Nuller Robert Peters at the Jet Propulsion
Laboratory.

A visible/near-infrared proof-of-concept experimevds completed as the first stage of
this development effort. The proof-of-concept veesie with null depth requirements
that were relaxed due to the lab conditions, aedatmplitude control was scaled to the
wavelength and beam size used. This test exce¢slqubiformance target of 5% and
15 nm, achieving intensity control to 2% and phasetrol to 2 nm. This represented the
state of the art, as there had been no previowabdip demonstrated in this area.

The adaptive nuller will use a broadband thermalr@®to generate light with a spectral
width > 3 um in the 7-12 pm wavelength band. Tigist will be put through a simple
interferometer with one arm holding the adaptivdlenucomponents, and the other
serving as a reference arm. There will be intgnamd phase dispersion in this
interferometer due to normal manufacturing toleesnas well as intentionally added
optical material in one arm.

We will measure the intensity dispersion as a fioncof intensity difference between the
arms of the interferometer versus wavelength. Rtusnmeasurement, we will calculate
the adjustments needed to the deformable mirraragmt and apply the correction. We
will then re-measure the intensity dispersion amomsthat it is corrected te 0.2% rms

(1 o) intensity difference between the arms.



Figure 2. Experimental Layout for a Mid-Infrared Adaptiveiller showing the source,
reference arm, and adaptive nuller arm of the fietemeter.

We will measure the phase dispersion as a functiogesidual phase difference between
the arms of the interferometer versus wavelengtb.with the intensity dispersion, this
information is used to apply the proper correctioithe deformable mirror actuator. The
phase dispersion will be measured again to showittimcorrected ta< 5nm rms (1c)
phase dispersion.

The tests outlined in this document are performetthé mid-IR, but without independent
control of each polarization. Although Wollastaisms are included in the design, there
are no Wollaston prisms in the mid-IR testbed. pb&arization is selected at the source
and only one polarization is treated to compengatentensity and phase. The testbed
results are for one polarization only, becauseng¢ @olarization can be compensated,
then it would be straightforward to compendap¢h using the same overall approach. It
is simply a matter of cost. At mid-IR wavelengttise only material that can be used to
make a Wollaston prism is cadmium selenide (Cd&g}his is a very expensive material
to manufacture for optical components, the Adapkivdler was first built to control the
two polarizations independently aear-IR wavelengths using quartz Wollaston prisms
that are relatively inexpensive. This test showmat the concept would also work at
mid-IR wavelengths. We nonetheless developed asttdea Zemax model for the
performance of a CdSe Wollaston prism to operat&enmid-IR. Thus for this mid-IR
demonstration, the polarization is selected at dbtwerce, and there are no Wollaston



prisms in the experiment. This simplification inetfayout does not detract from the
importance of these results.

3.Computation of the Metric

3.1. Definitions

The TPF-1 Adaptive Nuller M1 amplitude and phasentoml demonstration requires
measurement and control of amplitude dispersion @hadse dispersion in an
interferometer. In the following paragraphs we defthe terms involved in this process,
spell out the measurement steps, and specify tiaepdaducts.

3.1.1. “Star" . We define the “star” to be a {6n diameter pinhole illuminated with
ceramic heater thermal source with a temperaturg260-1570 K. This “star” is the
only source of light in the optical path of the ptige nuller. It is a stand-in for the star
signal that would have been collected by the telescsystems in TPF-I; however it is
not intended to simulate any particular collectesign or expected flux.

3.1.2. “Dispersion”. We define dispersion to be the difference imexitamplitude or
phase as a function of wavelength between the tms af an interferometer.

3.1.3. “Algorithm” . We define the “algorithm” to be the computer edtat takes as
input the measured amplitude and calculated phsperdion, and produces as output a
voltage value to be applied to each element ofiMe with the goal of reducing the
dispersion.

3.1.4 “Cross coupling”. We define cross coupling to be the unintendgdsachent of
phase while amplitude is being corrected or thentended adjustment of amplitude
while phase is being corrected.

3.1.5 “Dispersion free source”. We define a dispersion free source to be a carbon
dioxide laser with narrow spectral line width tieto-aligned with the “star” source. As
we are only able to control dispersion, we do mpieet to achieve a null deeper than the
null obtained with this source.

3.1.6 “Active metrology” . We define active metrology as a system which adaser at
1.3 pm wavelength to measure the difference incappaths of the two arms of the
interferometer. This information is then fed backhe delay line control to maintain a
set path difference.

3.1.7. “Spectrometer. We define a spectrometer to be a device to measignasity as

a function of wavelength. The device consists gfating to disperse the incoming light.
The dispersed light is then focused by an off-gx@sabola onto a linear mercury
cadmium telluride array with 16 elements. Eaclmelet produces a voltage proportional



to the intensity in a wavelength range selectedheygrating. The output voltages are
then sent through a multiplexer to a lock-in anmlifvith an integration time set from
100 ms to 1 s depending on the signal level. Tiltput of the lock-in amplifier is then
read by the computer for each element of the lirrgeasy. Noise may be reduced by
averaging up to 10 frames taken from the spectremet

3.1.8.“Adaptive nulling”. We define the process of adaptive nulling taHeefollowing

4 step process, iteratively repeated for as maniesyas necessary to reach the desired
level of amplitude and phase dispersion.

a) Measure the amplitude dispersion in the interfater by measuring the intensity
spectrum of each arm independently while shuttesiiithe other arm.

b) Compute the required tilts to equalize the atugé difference in each channel of the
deformable mirror (DM) and apply these voltages.

c) Calculate the phase dispersion in the interfetemby actuating the delay line several
fringes off the null and measuring the disperseecspl fringes with the spectrometer
and applying an algorithm to the output.

d) Compute the required pistons to equalize tha featgths in each channel of the DM
and apply these voltages.

3.2. Measurement of the null
Each null measurement is obtained as follows:

3.2.1. The delay line is actuated by the computer to ta¢ approximate position of
the minimum integrated power as measured on thetrepeeter.

3.2.2. The delay line is then actuated by the computénégeak integrated power. The
set point is slowly scanned on the active metrokoglpcate the peak. The peak
integrated power is used to normalize the null dept

3.2.3. The delay line is then actuated by the computek bathe null.

3.2.4. The metrology set point is then slowly scannedhigydomputer to find the
minimum integrated power as measured on the speetss.

3.2.5. The active metrology system can then be used ththdd position to measure the
time evolution of the null.

3.3. Adaptive Nuller Milestone 1 Validation Demonstration Procedure
3.3.1. All DM actuators are set to half their control reng

3.3.2. The active metrology system and the star are tuamed The delay line is then
actuated by the computer to locate the null pasitio



3.3.3. An initial uncorrected null is measured as desdriipeSec. 3.2.

3.3.4. The delay line is actuated away from the null byesal fringes and adaptive
nulling is performed to correct the measured amgétdispersion t&0.2% and
correct the measured phase dispersiorbtan.

3.3.5. The delay line is actuated by the computer to ®tia¢ null position.
3.3.6. The corrected null is measured as described in3B2c.

3.3.7. The delay line is actuated by the computer seviergles from the null and the
phase dispersion is calculated and amplitude dispeis measured.

3.3.8. To measure the stability, step 3.3.6 is repeateidevithe DM voltages are held
constant and the active metrology holds the dedlay position to measure the
time evolution of the null.

3.3.9. Step 3.3.7 is repeated while the DM voltages al@ ¢@nstant. Active metrology
then holds the delay line position during the pheedeulation to measure the time
evolution of the phase and amplitude dispersion.

3.3.10.The source is switched from the star to the disperdree source and the
amplitudes in each arm of the interferometer arecheal.

3.3.11.A dispersion free null is measured as describegem 3.2.

3.3.12.The following data are to be archived for futuréerence: (a) raw spectrometer
output of null and peak of star before and afterramion, (b) phase and
amplitude dispersion before and after correctiah,r@w spectrometer output of
the null and peak, and phase and amplitude digpemsieasured at each time
interval after correction, (d) raw null and peakadfar the dispersion free source.

3.3.13.The following data are to be presented in the fieabrt: (a) Plot showing peak
and null as a function of wavelength before andraforrection, (b) plot of time
series with RMS and P-V phase and amplitude digpgréc) plot of time series
of null depth, (d) null depth of dispersion freeusze, (e) throughput of the
adaptive nuller arm of the interferometer measuneth the dispersion free
source.

3.3.14.Repeat steps 3.3.1 — 3.3.13 on two more occasiolfferent days, with at least
two days between each demonstration.

4. Success Criteria

The following is a statement of the 6 elements thast be demonstrated to close the
TPF-I Adaptive Nuller M1. Each element includesr@f rationale.



4.1  An amplitude dispersion corrected€a0.2% rms (&) over a bandwidth > 3 um
in the 7-12 pum wavelength range starting with a rmeaor as a function of
wavelength of at least 9% between the two armbefriterferometer.

Rationale:This provides evidence that a wavelength deperai@ptitude mismatch can
be corrected, which cannot be done through tradalanethods.

4.2 A phase dispersion corrected<d nm rms (&) over a bandwidth of > 3 pm in
the 7-12 pm wavelength range starting with a meaor eas a function of
wavelength of at least 400nm between the two affrtiseonterferometer.

Rationale:This provides evidence that the wavelength dependese mismatch can be
corrected.

4.3 Both (4.1) and (4.2) are to be satisfied simultaisgp after iterating between
amplitude and phase correction.

Rationale: This provides evidence that the cross coupling mat limit the ability to
achieve the requirement.

4.4 A peak rejection ratio with the star that is witli% of the peak rejection ratio
of the dispersion free source at each spectralneian

Rationale:The dispersion free source tests the fundamemtal 6f the interferometer’'s
performance. Adaptive nulling only compensates nation-dependent amplitude and
phase dispersion; therefore, other factors suclpa length fluctuations that may limit
the peak rejection ratio should be common to bbéhdorrected star and dispersion free
source.

45 A time series showing deviation of the amplitudel gohase to be within the
ranges defined in (4.1) and (4.2) for a 6 hour qeenivhile the DM control
voltages are held constant. As was done in thefgrbconcept demonstration,
room temperature will be monitored but not conewollbeyond the facility
controls for the room.

Rationale:The adaptive nuller is a quasi-static correctiomattisannot be changed during

an observation. Therefore, the system must rerst@ble during the rotation of the
array.

4.6 Elements 4.1 — 4.5 must be satisfied on three agpaccasions with at least two
days in between each demonstration.

Rationale:This provides evidence of the repeatability ofatiaptive nuller.



5. Certification Process

The TPF-I Project will assemble a milestone cedifion data package for review by the
EIRB. In the event of determination that the sgsceriteria have been met, the project
will submit the finding of the review board, togethwith the certification data package,
to NASA HQ for official certification of milestoneompliance. In the event of
disagreement between the project and the EIRB, NASAwill determine whether to
accept the data package and certify compliancedurast additional work.

5.1. Milestone 1 Certification Data Package

The milestone certification data package will canthe following explanations, charts,
and data products.

5.1.1. A narrative report, including a discussion of hoacle element of the milestone
was met, an explanation of each plot or group ofsplappropriate tables and
summary charts, and a narrative summary of theativerlestone achievement.
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